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============

Supersymmetric (SUSY) models of TeV-scale physics are being subjected to increasing pressure by the strengthening constraints imposed by LHC experiments \[[@CR1], [@CR2]\] and searches for Dark Matter (DM) \[[@CR3]--[@CR6]\]. In particular, in the context of models with soft supersymmetry-breaking parameters constrained to be universal at a high unification scale, the LHC limits on sparticle masses have been in increasing tension with a supersymmetric interpretation of the anomalous magnetic moment of the muon, $\documentclass[12pt]{minimal}
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                \begin{document}$$(g-2)_\mu $$\end{document}$, which would require relatively light sleptons and electroweak gauginos \[[@CR7]--[@CR13]\]. This pressure has been ratcheted up by the advent of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sim 36$$\end{document}$/fb of data from Run 2 of the LHC at a centre-of-mass energy of 13 TeV \[[@CR14]--[@CR16]\],[1](#Fn1){ref-type="fn"} which probe supersymmetric models at significantly higher mass scales than was possible in Run 1 at 7 and 8 TeV in the centre of mass. In parallel, direct searches for DM scattering have also been making significant progress towards the neutrino 'floor' \[[@CR17], [@CR18]\], in particular with the recent data releases from the LUX, PICO, XENON1T and PandaX-II experiments \[[@CR3]--[@CR6]\]. Here we analyze these constraints in the minimal supersymmetric extension of the Standard Model (MSSM), which, because of *R*-parity, has a stable cosmological relic particle that we assume to be the lightest neutralino, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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The strengthening phenomenological, experimental and astrophysical constraints on supersymmetry (SUSY) were initially explored mainly in the contexts of models in which SUSY breaking was assumed to be universal at the GUT scale, such as the constrained MSSM (CMSSM) \[[@CR7]--[@CR11], [@CR21]--[@CR31]\], non-universal Higgs models (NUHM1,2) \[[@CR11], [@CR12]\],[2](#Fn2){ref-type="fn"} the minimal anomaly-mediated SUSY-breaking model (mAMSB) \[[@CR33]\], and models based on the SU(5) group \[[@CR34]\]. These models are tractable by virtue of having a relatively limited number of parameters, though the universality assumptions they employ are not necessarily well supported in scenarios motivated by fundamental principles, such as string theory. Their limited parameter spaces are amenable to analysis, e.g., in the frequentist approach we follow, in which one constructs a global likelihood function that embodies all the information provided by the multiple constraints.

Alternatively, one may study phenomenological models in which the soft SUSY-breaking parameters are not constrained by any universality assumptions, though subject to milder constraints emanating, in particular, from upper limits on SUSY contributions to flavour-changing processes. These phenomenological MSSM (pMSSM) \[[@CR35]--[@CR43]\] models contain many more parameters, whose exploration is computationally demanding. There have been cut-based global analyses of variants of the pMSSM with as many as 19 parameters \[[@CR44]--[@CR48]\] and global fits focused on specific sectors or parameter ranges \[[@CR49], [@CR50]\], however in the past we have restricted our frequentist attentions to a variant of the pMSSM with 10 parameters, the pMSSM10 \[[@CR13], [@CR51]\]. These were taken to be 3 independent gaugino masses, $\documentclass[12pt]{minimal}
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It is desirable to extend this type of analysis to more general variants of the pMSSM, for a couple of reasons. One is that the lower bounds on sparticle masses will, in general, be weaker in models with more parameters, so one should explore such models before making statements about the magnitudes of these lower bounds and prospects for discovering sparticles at the LHC or elsewhere. Another reason is that reconciling the strengthening LHC constraints with the cosmological DM density constraint requires, in general, specific relations between sparticle masses that suppress the relic density via coannihilation effects and/or rapid annihilations through direct-channel resonances. Therefore one should study models capable of accommodating these DM mechanisms \[[@CR51]\].Table 1The ranges of the pMSSM11 parameters sampled, which are divided into the indicated numbers of segments, yielding the total number of sample boxes shown in the last row. In the last column, we indicate the kind of prior used, where "soft" means a flat prior with Gaussian tailsParameterRangeNumber of segmentsPrior type$\documentclass[12pt]{minimal}
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Examples of DM mechanisms that have been studied extensively in the past \[[@CR51]\] include coannihilation with the lighter stau slepton, $\documentclass[12pt]{minimal}
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All of these were possibilities in the pMSSM10, but in that scenario the stau and smuon masses were fixed to be equal, putting the LHC constraints on stau coannihilation in tension with the possibility of a SUSY interpretation of $\documentclass[12pt]{minimal}
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The layout of this paper is as follows. In Sect. [2](#Sec2){ref-type="sec"} we specify the framework of our analysis. Section [2.1](#Sec3){ref-type="sec"} specifies the pMSSM11, establishes our notation for its parameters and describes our procedure for sampling the pMSSM11 parameter space. In Sect. [2.2](#Sec4){ref-type="sec"} we review the MasterCode tool to construct a global $\documentclass[12pt]{minimal}
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                \begin{document}$$(g-2)_\mu $$\end{document}$ constraint being applied. Section [4](#Sec14){ref-type="sec"} displays the one-dimensional profile likelihood functions for various masses, mass differences and other observables in these two cases, and also shows predictions for spin-independent and -dependent DM scattering. Section [5](#Sec25){ref-type="sec"} highlights the impacts of the LHC 13-TeV data \[[@CR14]--[@CR16]\] and the recent direct searches for astrophysical DM \[[@CR3]--[@CR6]\]. Section [6](#Sec26){ref-type="sec"} discusses the best-fit points, favoured and allowed spectra in these pMSSM scenarios. Finally, Sect. [7](#Sec27){ref-type="sec"} summarizes our conclusions.

Analysis framework {#Sec2}
==================

Model parameters {#Sec3}
----------------

As mentioned above, in this paper we consider a pMSSM scenario with eleven parameters, namely$$\documentclass[12pt]{minimal}
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The ranges of these parameters sampled in our analysis are displayed in Table [1](#Tab1){ref-type="table"}. In each case, we indicate in the third column of Table [1](#Tab1){ref-type="table"} how the ranges of most of these parameters are divided into segments, much as we did previously for our analysis of the pMSSM10 \[[@CR13]\].

These segments define boxes in the eleven-dimensional parameter space, which we sample using the MultiNest package \[[@CR57]--[@CR59]\]. In order to ensure a smooth overlap between boxes and eliminate features associated with their boundaries, we choose for each box a prior such that 80% of the sample has a flat distribution within the nominal box, and 20% of the sample is in normally-distributed tails extending outside the box. An initial scan over all mass parameters with absolute values $\documentclass[12pt]{minimal}
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MasterCode {#Sec4}
----------

We perform a global likelihood analysis of the pMSSM11 including constraints from direct searches for SUSY particles at the LHC, measurements of the Higgs boson mass and signal strengths, LHC searches for SUSY Higgs bosons, precision electroweak observables, flavour constraints from *B*- and *K*-physics observables, the cosmological constraint on the overall cold dark matter (CDM) density, and upper limits on spin-independent and -dependent LSP-nuclear scattering. We treat $\documentclass[12pt]{minimal}
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The observables contributing to the likelihood are calculated using the MasterCode tool \[[@CR7]--[@CR13], [@CR33], [@CR34], [@CR51], [@CR60]\], which interfaces and combines consistently various public and private codes using the SUSY Les Houches Accord (SLHA) \[[@CR61]\]. The following codes are used in this analysis: SoftSusy 3.3.9 \[[@CR62]\] for the spectrum, FeynWZ \[[@CR63], [@CR64]\] for the electroweak precision observables,[6](#Fn6){ref-type="fn"} FeynHiggs 2.11.3 \[[@CR66]--[@CR71]\] for the Higgs sector[7](#Fn7){ref-type="fn"} and $\documentclass[12pt]{minimal}
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Electroweak and flavour constraints {#Sec5}
-----------------------------------

Our treatments of many of these constraints follow those we have used previously, which were summarized most recently in Table 1 in \[[@CR34]\]. Table [2](#Tab2){ref-type="table"} summarizes the updates we make in this paper. As noted there, the only change in the electroweak sector is in $\documentclass[12pt]{minimal}
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As can be seen in Table [2](#Tab2){ref-type="table"}, we have also updated a number of flavour constraints. In particular, we have updated the global analysis of $\documentclass[12pt]{minimal}
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The LHCb Collaboration has also published \[[@CR112]\] a first determination of the effective $\documentclass[12pt]{minimal}
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In general, we treat the electroweak precision observables, $\documentclass[12pt]{minimal}
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Dark matter constraints and mechanisms {#Sec6}
--------------------------------------

*Cosmological density*

Since we work in the framework of the MSSM, *R*-parity is conserved, so that the lightest SUSY particle (LSP) is a candidate to provide the CDM. We assume that the LSP is the lightest neutralino $\documentclass[12pt]{minimal}
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*Density mechanisms*

As one of the primary objectives in our analysis is to investigate the relevances of various mechanisms for bringing the relic $\documentclass[12pt]{minimal}
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We implement experimental constraints from direct searches for supersymmetric DM via both spin-independent and -dependent scattering on nuclei. We use the LUX \[[@CR4]\], XENON1T \[[@CR6]\] and PandaX-II \[[@CR3]\] constraints on the spin-independent DM scattering cross section $\documentclass[12pt]{minimal}
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Our treatment of the spin-independent nuclear scattering matrix element follows that in our previous work \[[@CR12]\] and is based on SSARD \[[@CR85]\]. As reviewed, for example, in \[[@CR88]\] the largest uncertainties in the matrix element are those associated with the pion-nucleon $\documentclass[12pt]{minimal}
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We also implement in this paper the PICO \[[@CR5]\] constraint on the spin-dependent DM scattering cross section $\documentclass[12pt]{minimal}
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*Indirect astrophysical searches for DM*
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The capture of dark matter particles in the Sun is often assumed to be dominated by energy loss due to spin-dependent scattering on protons, in which case an upper limit on the neutrino flux may be used to constrain the spin-dependent cross-section $\documentclass[12pt]{minimal}
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13 TeV LHC constraints {#Sec7}
----------------------

The LHC constraints we consider are those from searches for coloured sparticles in events with missing transverse energy, $\documentclass[12pt]{minimal}
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*Searches for gluinos and squarks*

We consider the constraints from CMS simplified model searches using events with $\documentclass[12pt]{minimal}
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In the approach taken, e.g., by CheckMATE \[[@CR143]\], ColliderBit \[[@CR144]\] and MadAnalysis 5 \[[@CR145]\], Monte Carlo simulations are used to estimate the signal yield from a model point after the event selection and to test it by comparing it with the upper bound given by an experimental collaboration. However, such a method is time-consuming and computationally prohibitive for our purpose. To circumvent this issue, we take the Fastlim \[[@CR146]\] approach[19](#Fn19){ref-type="fn"} and consider the implications of \[[@CR14]\] for the following supersymmetric topologies: $\documentclass[12pt]{minimal}
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If gluino and squarks have comparable masses, associated gluino-squark production may be sizeable. In the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{{\tilde{g}}} \gtrsim m_{\tilde{q}}$$\end{document}$ region, a fraction of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$gq \rightarrow {\tilde{g}}\tilde{q}$$\end{document}$ process where the gluino decays into $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\bar{q} + \tilde{q}$$\end{document}$ may be regarded as the production of a squark--antisquark pair with a soft quark jet. Ignoring this soft jet, we can constrain this process by considering the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$q {\bar{q}} \rightarrow \tilde{q} {\tilde{\bar{q}}}$$\end{document}$ simplified model limit. In the analyses we consider, jets are treated inclusively and this extra quark jet tends to slightly increase the acceptance. Ignoring the soft jet therefore results in underestimation of the signal acceptance, leading to a conservative limit. In order to constrain the $\documentclass[12pt]{minimal}
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*Stop and sbottom searches*

Our treatment of LHC 13 TeV limits on stops and sbottoms is similar in principle to our implementation of the gluino and squark constraints described above. It is based on CMS simplified model searches in the jets + 0 \[[@CR14]\] and 1 \[[@CR15]\] lepton final states, where the results are interpreted as limits on the following topologies: $\documentclass[12pt]{minimal}
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*Searches for electroweak inos*

The CMS Collaboration has also released results from searches for electroweak ino production at the LHC in multilepton final states with $\documentclass[12pt]{minimal}
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The electroweak ino analyses described above can be extended to constrain models in which electroweak inos can be produced in the decays of coloured sparticles. This is because these searches do not impose conditions on the number of jets and the final states in such events resemble those arising from the direct production of electroweak inos associated with initial-state QCD radiation. In order to constrain this class of events we include an extra contribution to the electroweak ino cross-section, much as we discussed above in the case of the $\documentclass[12pt]{minimal}
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Combination of contributions to global $\documentclass[12pt]{minimal}
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These are incorporated via the HiggsSignals code \[[@CR90], [@CR91]\], which implements the information from ATLAS and CMS measurements from LHC Run 1, as summarized in the joint ATLAS and CMS publication \[[@CR152]\].
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*Squarks and gluinos*
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*Third-generation squarks*
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*Electroweak inos*
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*Heavy Higgs bosons*
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One-dimensional likelihood functions {#Sec14}
====================================

In this section we present the profile $\documentclass[12pt]{minimal}
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*Squarks and gluinos*

The profile likelihood functions for squarks and gluinos are shown in Fig. [8](#Fig8){ref-type="fig"}. The left panel is for $\documentclass[12pt]{minimal}
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*Third-generation squarks*

An analogous pair of plots showing the profile likelihood functions for the masses of the $\documentclass[12pt]{minimal}
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*Sleptons*
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Neutralino composition {#Sec17}
----------------------

It is interesting also to examine the profile likelihood functions for the amplitudes $\documentclass[12pt]{minimal}
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We now discuss the prospects for direct detection of $\documentclass[12pt]{minimal}
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Indirect astrophysical searches for dark matter {#Sec24}
-----------------------------------------------

We have explored the possible impact of indirect searches for DM via annihilations into neutrinos inside the Sun. If the DM inside the Sun is in equilibrium between capture and annihilation, the annihilation is quadratically sensitive to the local Galactic DM density. However, as discussed earlier, equilibrium is not always a good approximation. We note also that the capture rate is not determined solely by spin-dependent scattering on protons in the Sun, but also depends on the amount of spin-independent scattering on Helium and heavy nuclei. As we have seen, the $\documentclass[12pt]{minimal}
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                \begin{document}$$W^+ W^-$$\end{document}$, which are not always the dominant final states in the pMSSM11 models of interest.

Using the nominal values of the matrix elements from SSARD and neglecting the astrophysical uncertainties, we have calculated the signals in the IceCube detector for a subset of our pMSSM11 points that are consistent with the PICO constraint \[[@CR5]\]. We find that the IceCube $\documentclass[12pt]{minimal}
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Impacts of the LHC 13-TeV and new direct detection constraints {#Sec25}
==============================================================

In this section we illustrate the impact of the LHC 13-TeV data and the recent updates from the Xenon-based direct detection experiments LUX, XENON1T, and PandaX-II \[[@CR3], [@CR4], [@CR6]\] on relevant pMSSM11 parameter planes. In the left panel of Fig. [22](#Fig22){ref-type="fig"} we display the impact of the new results on the $\documentclass[12pt]{minimal}
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                \begin{document}$$(m_{\tilde{q}}, m_{\tilde{g}})$$\end{document}$ plane: the solid red, blue and green lines are the current 68%, 95% and 99.7% CL contours, and the dashed lines are those for the corresponding 68, 95% and 99.7% CL contours in a global fit omitting the LHC 13-TeV constraints and those from the Xenon-based direct detection experiments. The right panel of Fig. [22](#Fig22){ref-type="fig"} makes a similar comparison of the 68, 95 and 99.7% CL regions in the $\documentclass[12pt]{minimal}
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                \begin{document}$$(m_{\tilde{\chi }^0_{1}}, \sigma ^\mathrm{SI}_p)$$\end{document}$ plane found in global fits including LHC 13-TeV and Xenon-based detector data (solid lines) and omitting these data (dashed lines).

We see in the upper left panel of Fig. [22](#Fig22){ref-type="fig"} that the LHC 13-TeV constraints exclude bands of parameter space at low $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\tilde{g}}\sim 500 \,\mathrm {GeV}$$\end{document}$ that were allowed by the LHC 8-TeV data. The impact on the gluino and squark coannihilation strips can also be appreciated from the upper right and lower left panels, where they appear as dashed-blue islands along the diagonal where the mass is degenerate with the neutralino that disappear completely after the inclusion of the LHC 13-TeV constraints. The bottom right panel of Fig. [22](#Fig22){ref-type="fig"} shows that low values of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma ^\mathrm{SI}_p$$\end{document}$ exerted by the new generation of Xenon-based direct detection experiments.

Best-fit points, spectra and decays {#Sec26}
===================================

Following our previous discussions of some two-dimensional projections of the pMSSM11 parameter space and various one-dimension profile likelihood functions, we now discuss in more detail the best-fit points in the pMSSM11 fits incorporating the LHC 13-TeV data, both with and without the $\documentclass[12pt]{minimal}
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                \begin{document}$$(g-2)_\mu $$\end{document}$ constraint, whose input pMSSM11 parameter values were given in the first and third columns of Table [4](#Tab4){ref-type="table"}. We note, however, that the likelihood functions are very flat for larger masses, so these best-fit points should not be taken as definite predictions.

Figure [1](#Fig1){ref-type="fig"} displays the spectra of Higgs bosons and sparticles at the best-fit points for the pMSSM11 including (upper panel) and excluding (lower panel) the $\documentclass[12pt]{minimal}
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                \begin{document}$$(g-2)_\mu $$\end{document}$, whereas the sleptons and the electroweak inos are heavier. The branching ratio patterns differ in the two cases, with the Higgs bosons mainly decaying to SM particles when $\documentclass[12pt]{minimal}
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We re-emphasize that the remarks in the previous paragraph apply to the best-fit points, and that the spectra might differ significantly, as the likelihood functions are quite flat for large masses. The 68 and 95% CL ranges are displayed in Fig. [23](#Fig23){ref-type="fig"} as orange and yellow bands, respectively, with the best-fit values indicated by blue lines. We see that for most sparticles the 95 and even 68% CL ranges extend into the ranges accessible to future LHC runs. As was to be expected, the best prospects for measuring sparticles at a linear $\documentclass[12pt]{minimal}
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Figure [24](#Fig24){ref-type="fig"} displays the breakdowns of the global $\documentclass[12pt]{minimal}
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Conclusions {#Sec27}
===========

In this paper we have used the MasterCode tool to analyze the constraints on the parameter space of the pMSSM11 model, in which the soft SUSY-breaking contributions to the masses of the first- and second-generation sleptons are allowed to vary independently from the third-generation slepton mass. We have taken into account the available constraints on strongly- and electroweakly-interacting sparticles from $\documentclass[12pt]{minimal}
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The most visible impact of the LHC 13-TeV constraints has been on the masses of the strongly-interacting sparticles: see the left panels of Figs. [8](#Fig8){ref-type="fig"} and [9](#Fig9){ref-type="fig"} and compare the solid and dashed curves. On the other hand, the impact of the LHC constraints on electroweak inos has been less marked: see Fig. [11](#Fig11){ref-type="fig"}. As was to be expected, the importance of the $\documentclass[12pt]{minimal}
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We have also analyzed in this paper the importances of different mechanisms for bringing the relic LSP density into the range favoured by Planck 2015 and other data: see the shadings in Figs. [2](#Fig2){ref-type="fig"}, [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"}, [6](#Fig6){ref-type="fig"}, [19](#Fig19){ref-type="fig"}, [20](#Fig20){ref-type="fig"} and [21](#Fig21){ref-type="fig"}, and the profile $\documentclass[12pt]{minimal}
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In general, our analysis favours quite small deviations from the SM predictions for electroweak, flavour and Higgs observables: see Figs. [12](#Fig12){ref-type="fig"} and [14](#Fig14){ref-type="fig"}, in particular. We have also analyzed the pMSSM11 predictions for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_{\Delta \Gamma }$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tau (B_s \rightarrow \mu ^+ \mu ^-)$$\end{document}$ observables recently measured for the first time by the LHCb Collaboration \[[@CR112]\]. As seen in Fig. [13](#Fig13){ref-type="fig"}, the pMSSM11 predictions for these observables are very similar to those in the SM, deviating by much less than the current experimental uncertainties. Accordingly, we do not include $\documentclass[12pt]{minimal}
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We find that current LHC searches for long-lived particles do not impact our scan of the pMSSM11 parameter space. However, the pMSSM11 still offers significant prospects for the discovery of long-lived particles. When the $\documentclass[12pt]{minimal}
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As seen in Figs. [20](#Fig20){ref-type="fig"} and [21](#Fig21){ref-type="fig"}, the pMSSM11 offers interesting prospects for the detection of supersymmetric DM. In both the spin-independent and -dependent cases, cross sections close to the present experimental upper limits are favoured at the 68% CL, whether or not $\documentclass[12pt]{minimal}
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We turn finally to the prospects for discovering sparticles in future runs of the LHC, or with a future linear $\documentclass[12pt]{minimal}
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                \begin{document}$$(g-2)_\mu $$\end{document}$ constraint is dropped. If it is included, on the other hand, there are also good prospects for discovering electroweakly-interacting sparticles at an $\documentclass[12pt]{minimal}
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It is often said that the night is darkest just before dawn, and the same may be true for supersymmetry.

We use here results from SUSY searches by the CMS Collaboration: the results from ATLAS \[[@CR2]\] yield similar constraints.

For a recent analysis of these models in light of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sim 13$$\end{document}$/fb of LHC data at 13 TeV, see \[[@CR32]\]. This analysis does not include the PICO, XENON1T and most recent PandaX-II results, and has other differences that are noted later in this paper.

For a recent analysis of a 7-dimensional version of the MSSM in light of $\documentclass[12pt]{minimal}
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In comparison, the pMSSM7 scenario studied in \[[@CR52]\] assumes gaugino and squark/slepton mass universality at some input scale *Q*, and has two trilinear couplings $\documentclass[12pt]{minimal}
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Since $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\tilde{\ell }}> m_{\tilde{\chi }^0_{1}}$$\end{document}$, this entails also the restriction to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\tilde{\chi }^0_{1}} < 2 \,\mathrm {TeV}$$\end{document}$ visible in subsequent figures.

We use here an updated version of FeynWZ (not yet publicly available) in which the $\documentclass[12pt]{minimal}
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                \begin{document}$$M_W$$\end{document}$ evaluation is based on \[[@CR65]\] and is identical to that implemented in FeynHiggs, which gives more reliable results in parameter regions with larger SUSY masses or small SUSY mass splittings. The other EWPO are treated in the same way as in \[[@CR63], [@CR64]\].

We note that FeynHiggs incorporates resummation effects in Higgs mass calculations that are not included in the MSSM FlexibleSUSY generator \[[@CR72]\] used in \[[@CR32], [@CR52]\], although these are available through other FlexibleSUSY generators, HSSUSY/SplitSUSY\[[@CR73]--[@CR75]\] and FlexibleEFT\[[@CR76]\]. It should also be noted that FeynHiggs has recently been improved for higher SUSY mass scales \[[@CR77], [@CR78]\].

The SSARD computation of the scattering cross-section follows the computations detailed in \[[@CR86]--[@CR88]\]. The uncertainties in the cross-sections are derived from a straightforward propagation of errors in the input quantities which determine the cross-section. The dominant uncertainties are discussed below in more detail.

We emphasize that, although they are not displayed in Table [2](#Tab2){ref-type="table"} because they have not changed since\[[@CR34]\], we use a complete set of electroweak constraints, not restricted to $\documentclass[12pt]{minimal}
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                \begin{document}$$M_W$$\end{document}$ incorporates 2-loop corrections that are not included in the FlexibleSUSY code \[[@CR72]\] used in \[[@CR32], [@CR52]\].

In so doing, we neglect correlations in the uncertainties due to PDFs, QED and boson $\documentclass[12pt]{minimal}
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                \begin{document}$$(g-2)_\mu $$\end{document}$ evaluation in FeynHiggs contains less sophisticated two-loop corrections than GM2CALC \[[@CR97]\]. However, the difference is small compared with other uncertainties in our analysis.

We refer to Table 1 of \[[@CR34]\] for a complete set of the *K*-decay constraints we implement.

We have checked specifically the validity of these measures using Micromegas, finding good consistency in most cases. However, in certain hybrid regions where more than one mechanism satisfied the criteria we found that just one mechanism dominates. Moreover, it might also happen that some regions of the parameter space are not classified by a given measure even if the corresponding mechanism is active.

However, we note that this estimate has been challenged \[[@CR130]\], and flag this as an issue requiring resolution.

For a recent estimate with a very similar central value of $\documentclass[12pt]{minimal}
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                \begin{document}$$\Sigma _{\pi N}$$\end{document}$ made using covariant baryon chiral perturbation theory, see \[[@CR131]\].

For comparison, a similar value of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _s \equiv m_s \langle N | {\bar{s}} s | N \rangle = 43 \pm 8 \,\mathrm {MeV}$$\end{document}$ inferred from lattice calculations. This corresponds to $\documentclass[12pt]{minimal}
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The values ([11](#Equ11){ref-type=""}) of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta q$$\end{document}$ that we use are similar to those used in \[[@CR32]\].

In contrast, \[[@CR32]\] uses the IceCube result, but not the PICO result.

The SmodelS code \[[@CR147], [@CR148]\] takes a similar approach, as described in \[[@CR146]\].

We note here for completeness that the LHC searches for sleptons \[[@CR1], [@CR2]\] do not constrain the pMSSM11 parameter space significantly.

In previous studies (see, e.g., the first paper in \[[@CR7]--[@CR10]\]) we have validated our naive p-value approximation with toy experiments, and found that it provides a reasonably accurate and conservative estimate of the underlying p-value of the likelihood distribution. This was confirmed by a study in the last paper in \[[@CR21]--[@CR31]\], which compared for different scenarios the naive p-value calculation with that obtained from toys.

This and later figures were prepared using Matplotlib \[[@CR161]\], except where otherwise noted.

For relatively low stop masses, large values of $\documentclass[12pt]{minimal}
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                \begin{document}$$X_t/M_S \simeq A_t/M_S \simeq \sqrt{6}$$\end{document}$ are required to avoid tension with the Higgs mass measured at the LHC. Constraints from Charged and Color Breaking (CCB) minima can be relevant \[[@CR162]\] in such a case, but we have not taken these in account \[[@CR163]\] in our analysis. This is because our best-fit point region is characterized by relatively small values of $\documentclass[12pt]{minimal}
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This effect was noted previously in a different context in \[[@CR164]\].
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This figure was prepared using PySLHA \[[@CR160]\].

The corresponding horizontal bar has diagonal hatching, to recall that it is not included in the fit.

Compared to the pMSSM7 analysis in \[[@CR52]\], we find that stop coannihilation is less prominent, and that rapid annihilation through the *Z* and the light Higgs boson is of very limited importance. In these respects the more general realization of the MSSM with four additional free parameters yields substantially different results.
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